In this paper we propose a methodology to generate a 3D distribution of pseudo-chargeability from airborne time domain electromagnetic data. The processing flow is as follows: (a) Invert the TEM data to generate a background conductivity. This may involve omitting data that are obviously contaminated with IP signals, such as the existence of negative transients in coincident loop surveys. It is assumed that this is a background conductivity that is uncontaminated by IP signals. (b) Compute the EM response from the background conductivity and subtract it from the observations. This yields the d IP data, and removes the EM coupling. (c) It is recognized that the background conductivity is likely not correct, but we assume that the major effects of this inaccuracy will lead to a large scale, smoothly varying perturbation to d IP data. If this correct, then these are easily recognized and can be separated. This process is similar the problem faced in potential fields where a smooth background field needs to be removed. (d) The final data are linearly related to a pseudo-chargeability through a sensitivity function that is analogous to that employed in usual DC-IP ground surveys. (e) The d IP at various time channels can be inverted individually. The pseudochargeability models may be useful in themselves or they may be further processed to estimate Cole-Cole, or equivalent, parameters. We demonstrate our procedure on synthetic data and on a field data set from Mt. Milligan. For the field example we are able to identify chargeable targets that showed no indication of negative transients in the raw data. From the images we could also make inferences about the relative strength and depths of the chargeable bodies.
INTRODUCTION
The electrical conductivity of earth materials can be frequency dependent with the bulk conductivity decreasing with decreasing frequency due to the buildup of electric charges that occur under the application of an electric field. Effectively, the rock is electrically polarized. Finding this induced polarization response (IP) has been important in mineral exploration but it is also important in environmental problems, groundwater flow, and site characterization. Polarization charges can accumulate whenever there is an electric field in a medium and so the transmitter can be a galvanic or inductive source. In this study, we focus upon the potential for extracting IP information from airborne systems such as the coincident loop (VTEM) instrument of Geotech Ltd., which measures db z (t) dt data. These data are often observed to have negative transients of db z (t) dt for late time channels. Weidelt (1982) showed that the most plausible explanation of these is that they are caused by IP effects.
Our goal in this paper is to process and invert airborne time domain EM (ATEM) to recover information about the causative chargeable bodies. We use ideas that have been fruitful in the analysis of ground EIP and MIP where the IP phenomenon provides a perturbation to the electrical conductivity (Seigel, 1959 (Seigel, , 1974 . This allows us to set up a linear inverse problem to recover a pseudo-chargeability. For the technique to work we need to remove any inductive contribution to the signal (that is commonly referred to as EM coupling removal). This requires knowledge of the electrical conductivity, without chargeability effects. We extract that by carrying out a 3D inversion of the airborne data. A poor estimate for this conductivity can impact upon the quality of the final IP data and we investigate those effects here and how they might ameleorated. We apply our technique to field data from Mt. Milligan.
METHODOLOGY Linearization of EM responses
An often-used representation for complex conductivity in the frequency domain is the Cole-Cole model (Cole and Cole, 1941) 
( 1) where σ ∞ is the conductivity at infinite frequency, η is the chareability, τ is the time constant and c is the frequency dependency. By applying inverse Fourier transform with time dependency, e ıωt , we have
where δ (t) is Dirac delta function, u(t) is Heaviside step function and F −1 [·] is inverse Fourier transform operator.
Modified from Routh and Oldenburg (2001) , we define our IP datum as
where
is the forward modeling operator for the time domain EM problem. Note that this subtraction process has the additional benefit of removing EM coupling effects. This fact alone, allows us to better see regions of potential IP signal.
By linearizing the first term in right-hand side of equation (3) with the assumption that ∆σ σ ∞ we obtain
is the sensitivity of F EM [·] w.r.t σ ∞ at arbitrary time andη(t) is the pseudo chargeabilitỹ
Clearly much of the success of the above strategy rests upon the ability to have a good estimate of the background conductivity σ ∞ This is needed to generate the data and also the sensitivity function in the linear system. We have capability to efficiently carry out 3D time domain EM inversion of ATEM data (Yang et al. (2014) ). Before carrying out this inversion, data that are obviously contaminated with IP signal, (eg time channels with negative values) may first be winnowed. Irrespective of how well this is carried out, there may be some residual error left in the data. In synthetic cases where our background conductivity is scaled up or down by a factor, this error manifests itself as a DC shift in the d IP data. If the value of the shift can be estimated from the d IP data then the effect of the incorrect background can be removed. This motivates us to work with the d IP data and estimate smoothly varying background fields, which when subtracted from the d IP data, yield data for inversion. This procedure will work only if the scale of the perturbation from the incorrect background model is larger than the length scale of the IP signal, that is, the two signals must be separable. Our scenario is thus analagous to common works in potential fields where a background gravitational or magnetic field must be removed to reveal the anomalous field to be inverted. Thus, in practice, we can redefine our IP datum as
is the observed ATEM data, σ est is the estimated conductivity model from 3D ATEM inversion and R(t) is the regional field due to incorrect background conductivity model.
Linear inversion with bound constraint
To set up an linear inverse problem, we rewrite equation (4) as
methodology is based upon that described in Oldenburg and Li (1994) . The solution to the inverse problem is the model m that solves the optimization problem
where φ d is a measure of data misfit, φ m is a user defined model objective function and β is regularization or trade-off parameter. We use the sum of the squares to measure data misfit
where N is the number of the observed data and W d is a diagonal data weighting matrix which contains the reciprocal of the esitmated uncertainty of each datum ( ε i ) on the main diagonal, d obs is a vector containing the observed data, d pred is a vector containing calculated data from a linear equation given in equation (7). The model objective function, φ m is a measure of amount structure in the model and, upon minimization, will generate a smooth model this is cloe to a reference model, m re f . We define φ m as
where W s is a diagonal matrix, and W s , W s and W s are discrete approximations of the first derivative operator in x, y and z directions, respectively. The α's are weighting parameters that balance the relative importance of producing small or smooth models.
ATEM-IP EXAMPLES
Synthetic Example: Conductive and chargeable body As a test example we use a conductive and chargeable body in the half-space as shown in Figure 1 . The top panel of Figure 1 , shows the survey geometry; there are 31 soundings in each 7 lines so that we have 217 soundings. We use a coincdent-loop system located 30 m above the surface. A step-off transmitter waveform is used and the range of the observed time channels is 10 −2 -10 2 ms. In order to generate synthetic ATEM-IP data, we use the EMTDIP code developed by (Marchant et al., 2012) . By assuming we know the true background conductivity model, we generated After we generate these two responses, we subtract EM from EMIP to better recognize IP responses and set this IP datum as d IP (red lines). Thus, we simply have
We observe that the EMIP and EM responses are almost identical in early time channels where EM effects are dominant. As a result, in early time channels, it is quite hard to recognize IP effects. However, by applying the EM decoupling process shown in equation (11), we can clearly identify the IP responses even in early time channels.
In practice, however, we might not know the exact background conductivity model. To investigate this we generated d IP using incorrect background conductivity models, 2σ ∞ and 0.5σ ∞ and show the resultant d IP responses in Figure 3 . Compared to d IP from the correct conductivity model (blue line), data from incorrect conductivity models (red and gree lines) are biased as shown in Figure 3 (b) . This example shows the potential need of estimating a regional field (R(t)) and subtracting it from the EM decoupled data. A location map as well as soundings along a profile are shown in Figure 4 . Note the strong negative transients near 800 m distance. The data were inverted in 3D by Yang et al. (2014) and the recovered conductivity model is shown in 3D ( Figure  4c ). The conductivity inversion omitted some stations/time channels where the measured responses showed strong negative transients. By using this 3D conductivity model, which is σ est , we computed d IP data using equation (11). In Figure 5 , we present observed data (EMIP), predicted data (EM) from 3D ATEM inversion and d IP data. Here we put white and black dashed circles to emphasize five d IP anomalies (A1-A5); white and black colors of those differentiate between locations where negative transients were observed in the raw data (A1-A3), and where transients are noted after EM coupling removal (A4 and A5). Observed data at t = 4.7 ms show that we cannot see any negative transients at the locations near A1-A3 anomalies (left panel of Figure 5 (a)), whereas those at t = 7.2 ms (left panel of Figure 5 (b)) show negative transients near these locations. However, by subtracting EM responses predicted by 3D ATEM inversion, we can clearly recognize A1-A3 anomalies even at t = 4.7 ms as shown in right panel of Figure 5 . Furthermore, we can identfiy A4 and A5 anomalies,which we could not identify even in a relatively late time channel (t = 7.2 ms) of the observed data.
The next step is to account for inexact knowledge about the background conductivity. For each time channel we estimated a regional by fitting the observed data with a low order polynomial and then subtracted this regional from d IP . This is made easier by the observation that the IP response for the coincident loop system should be negative. The d IP data, the estimated regional, and the corrected data at t = 7.2 ms are shown in Figure  6 .
The final step is to carry out the inversion. At the top of the horizontal slice in Figure 7 , we present corrected d IP re-sponses at t = 7.2 ms and below that we present recovered pseudo-chargeability (η) section at three different depth estimated from our linear inversion. In this figure, we can recognize that anomalous d IP responses are reasonably mapped in the 3D space and we also observe the changes of anomalous η bodies in depth. Five anomalies are identified. Anomalies at A2 and A3 exhibited negative values at mid to late times and hence would have been identified as locations of chargeable material. Anomalies at A4 and A5 were not associated with negatives and are observed only because of the decoupling process. We also notice a difference in the inverted IP bodies. Bodies near A1 and A5 anomalies appears to be shallow and dies out quickly with depth. Anomalous body near A3 and A4 increases in strength and then decays with depth. 
CONCLUSIONS
In this study we have developed a procedure to extract IP information from ATEM data. The processing involves estimating a background conductivity, removal of EM coupling, estimating a possible residual field caused by incorrect knowledge of the conducitivity and carrying out a linearized inversion to recover a pseudo-chargeability. The inversion can be done at each time channel and the results further analysed to extract intrinsic estimates of the Cole-Cole parameters. We recognize that there are significant assumptions that have gone into generating our algorithm, principally the need to evaluate the background conductivity and the assumption that we can generate a residual field that can be removed from the data. These are issues for further research. Nevertheless, the success we have had in applying the technique to the Mt. Milligan data is encouraging. 
